Abstract Aiming at building the carbon budget for further climate change impact research in the large and shallow northern temperate Lake Võrtsjärv, the present paper focuses on reconstructing the full phytoplankton primary production (PP) data series for the lake for the period of 1982-2009 covered by disconnected measurements, and testing the uncertainties involved both in the PP measurements and bio-optical modelling. During this 28-year period, in situ PP was measured in Võrtsjärv in 18 years with 14 C-assimilation technique. We reconstructed the full time series using a semi-empirical PP simulation model based on continuously measured PAR irradiance and interpolated values of monthly measured chlorophyll a (C chl ). The modelling results, which proved highly reliable during the calibration phase, correlated rather weakly with the annual PP estimates for the 18 years, which were based on 2-h incubations at midday, 1-2 times per month. Being based on continuous irradiance data, the modelled PP can be considered more reliable than the sparse measurements, especially for short to medium term studies. We demonstrate that in the long-term, the bio-optical method can be biased if changes in water colour or
Introduction
Phytoplankton primary production (PP) represents the major synthesis of organic matter in aquatic systems giving start to the food chains and forming the basis of the ecological pyramid. The amount of primarily synthesised organic matter indicates the trophic state of a waterbody, while the efficiency of its subsequent transformation in food chains results in a higher or lower fish production, and in a poorer or better water quality. Lakes are sites of intensive carbon processing, although often disregarded in models of the global carbon cycle due to their small percentage of the Earth's surface area (Sobek et al., 2006) . Several recent studies have demonstrated that lakes are significant sources of carbon dioxide and methane to the atmosphere (Huttunen et al., 2003; Jonsson et al., 2003; Cole et al., 2007) , and that they simultaneously bury more organic carbon in their sediments than the entire ocean (Downing et al., 2008) . Hence, lakes turn out to be disproportionately important sites of carbon cycling relative to their small areal extent. Lakes and reservoirs act as sentinels by providing signals that reflect the influence of climate change in their much broader catchments (Williamson et al., 2008 (Williamson et al., , 2009 ). In the context of global warming caused by the increase of greenhouse gases, it is important to know the role of each ecosystem type in the global carbon budget. It has been increasingly acknowledged that in many lakes, first of all in those located in cool-climate forested boreal regions, the heterotrophic processes are dominating over autotrophic ones turning the lakes into CO 2 sources Sobek et al., 2003) . To study the carbon metabolism of a lake, the first and the basic step would be the estimation of the amount of carbon fixed by the ecosystem. The importance of PP studies is impressively reflected in publication statistics of ISI Web of Science (ISI WoS), which showed that lake primary production has been analysed in ca. 1400 publications since 1990 with an increasing average yearly rate from ca. 60 until year 2000 to ca. 80 afterwards. The annual citation rate of these papers has exponentially increased from about 100 in 1992 to nearly 3000 in 2009, resulting on average 17 citations per item. However, to understand climate sensitivity of the carbon metabolism, long-term changes of primary production need to be known. As stated already by Jassby et al. (1990) , interannual changes of primary production remain one of the least investigated areas in limnology and this situation has not much improved during the last 20 years. The query on 'long term lake primary production' resulted in only in 126 publications in ISI WoS database since 1990. The average citation rate of one publication was 26 showing the high importance of the studies on this field.
The present paper is the first step of the large-scale assessment of the carbon metabolism of Lake Võrtsjärv, a large and very shallow lake, the largest one remaining fully within the borders of Estonia. Its catchment area makes up 7% of Estonian territory and, thus, contributes significantly to Estonian natural CO 2 budget. Our aim was to summarise the long-term primary production measurements in Võrtsjärv in order to receive reliable daily, monthly and annual estimates of this parameter as the starting point in the lake's carbon balance calculations. The results will provide further basis for long-term studies of the ecosystem metabolism and its climate sensitivity.
Study site and dominant primary producers
Lake Võrtsjärv (58°16 0 N 26°02 0 E) is located in Central Estonia. With a surface area of 270 km 2 and a catchment area of 3374 km 2 (including the lake), it is the country's second largest lake. Võrtsjärv is shallow and polymictic with a maximum depth of 6 m and a mean depth of 2.8 m. The lake is eutrophic (OECD, 1982) characterised by the following annual mean concentrations: TP 54 lg l -1 , total nitrogen (TN) 1.6 mg l -1 , C chl 24 lg l -1 and has an average Secchi depth of 1.1 m (Tuvikene et al., 2004; Nõges et al., 2007) . The water retention time is about 1 year and lake is ice-covered for more than 4 months (average 135 days) of the year. The unregulated water level has an annual mean amplitude of 1.4 m, the absolute range of 3.1 m, and exhibits a long-term periodicity with a period length of 20-30 years. The minimum and maximum water levels correspond to a 1.4-fold difference in the lake area, a 2.3-fold difference in the mean depth and a 3.2-fold difference in the water volume (Nõges et al., 2003) .
Within the 50 km 2 (19% of the lake area at mean water level) covered by aquatic macrophytes 35 km 2 is accounted for by submerged, 12 km 2 by emergent and 3 km 2 by floating-leaved macrophytes (Feldmann & Mäemets, 2004) . The earlier dominance of Potamogeton perfoliatus L. among submerged macrophyte is by now overtaken by Myriophyllum spicatum L.
Cyanobacteria compose the bulk (up to 95%) of the phytoplankton biomass during the ice-free period from May to October. The beginning of our study period coincided with a break through of two new dominants, Limnothrix redekei (van Goor) Meffert and L. planktonica (Wolosz.) Meffert. Both species are slow growing and highly shade tolerant that gives them an advantage in turbid waters. Seasonally L. redekei starts its growth earlier and reaches the biomass maximum in June while L. planctonica has its maximum usually in September-October. L. redekei reached its maximum in the years 1988-1990 forming on average more than 60% of filamentous cyanobacteria. By now, its share has decreased to an average of 20%. L. planktonica, which started to increase also in 1980s, became the main phytoplankton dominant since 1995 often building up more than 80% of the total biomass.
The lake underwent a rapid eutrophication during 1970s and 1980s. Since that, despite a considerable decrease in external nutrient loadings, the internal loading modulated by the long-term cyclic water levels has still prevented any significant decline in nutrient concentrations of the lake Nõges et al., 2007 Nõges et al., , 2010c .
Materials and methods

PP measurements
Phytoplankton primary production (PP) in Võrtsjärv has been measured in situ with 14 C-assimilation technique (Steeman-Nielsen, 1952 -1984 , 1989 , 1991 , 1993 , 2000 , 2003 -2009 . PP has been measured mainly during ice-free periods from April to October with weekly to monthly intervals. In 1983 intervals. In , 1984 intervals. In , 1991 intervals. In and 1995 , PP was measured also in winter under the ice. The applied methodology and the detailed results have been published in a number of earlier papers Nõges, 1999b; Kisand et al., 2001; Agasild et al., 2007; Zingel et al., 2007) . In situ PP (mg C m -3 h -1 ) was measured at six different depths in the lake in two parallels. After incubation, the water was acidified to pH\2 with 0.5 N HCl to remove the remaining inorganic 14 C (Niemi et al., 1983; Hilmer & Bate, 1989; Lignell, 1992) , after which the radioactivity of the sample was measured with a scintillation counter (LSC RackBeta 1211, Wallac, Finland) using external standardisation for decays per minute (DPM) calculations and Optiphase 'HiSafe 3' scintillation cocktail (Wallac, Finland). PP was calculated according to the standard formula (Nielsen & Bresta, 1984) . Non-photosynthetic carbon fixation was measured in dark vials and subtracted from the light assimilation. Integral PP values (PPint) were calculated by integrating measured PP values over depth. We used 2-h incubations around midday, which measure rather the gross production (Vollenweider & Nauwerck, 1961) . The daily gross PP (PP day ) was calculated using an equation relating day-long series of short incubations to hourly PP at midday (PP hour ), and the day length (DL) found for Lake Võrtsjärv :
We used two options to calculate annual PP values from the measurements. For years when PP was measured monthly or more frequently from April to October (1983 October ( , 1989 October ( , 1991 October ( , 1994 October ( , 1995 October ( -1997 October ( , 2000 October ( , 2004 , we integrated the measured daily PP values over the time to achieve the yearly values. If not measured, the under-ice PP was assumed to be zero. For years when PP was measured only from May to August, we calculated yearly PP values from the average daily PP in May-August, which formed on average 0.55% of the yearly PP as calculated from the more complete data (Table 1) .
Chlorophyll a and phytoplankton biomass Phytoplankton abundance was measured as chlorophyll a concentration (C chl , mg m -3 ), and phytoplankton biomass on each occasion of PP Hydrobiologia (2011) 667:205-222 207 measurements. For C chl analysis, plankton was collected on Whatman glass fibre filters (GF/F), pigments were extracted with 90% acetone (in 1982-2000) or 96% ethanol (since 2001), analysed spectrophotometrically, and calculated according to Lorenzen (1967) . No statistically significant differences between the acetone and ethanol extractions were found for Võrtsjärv (Nõges & Solovjova, 2000) . Phytoplankton biomass (B, g m -3
) and the taxonomic composition were determined by microscopic counting and measuring the algae. Details of the methods are given in Nõges et al. (2010a) .
PP modelling
In parallel with in situ measurements, long-term PP was estimated using an integral version of the semiempirical model elaborated by Arst et al. (2008) . The model used as input variables chlorophyll concentration, C chl , the incoming irradiance, and the diffuse attenuation coefficient. We calculated C chl values for each day by linearly interpolating the measured values. The irradiance and the diffuse attenuation coefficient were integrated over PAR region, correspondingly, q PAR (inc), and K d,PAR . As no spectral irradiance data was available for the whole period, we could not use the slightly better performing (Arst et al., 2008) spectral version of this model. Incident global radiation, Q, was measured by the Estonian Institute of Hydrology and Meteorology (EMHI) at Tõravere (58°15 0 55N, 26°27 0 58 00 E), ca. 30 km from the eastern shore of Võrtsjärv. Before the year 2000, the values of Q were derived from direct and diffuse solar radiation, measured, correspondingly, with Janishevsky actionometer AT-50, and Janishevsky pyranometer model M-115M (Kondratyev, 1965) . We calculated the incident photosynthetically active radiation, q PAR (inc), as 0.436 * Q. Since the year 2000, q PAR (inc) was measured directly with the irradiance quantum sensor Li-COR 190SA (Li-COR Biosciences). In the modelling approach, the under-ice PP int was assumed to be zero. The measured PP int from December to March when the lake is generally frozen, constituted about 4% of the annual PP int . As the mean values are based on different numbers of measurements (n) over the years, the table does not seek a strict comparison between the months, but is rather a condensed way of presenting the data a Correction for under-ice production not applied
Since, there were only few in situ measurements of K d,PAR available for Võrtsjärv, we calculated its values from spectral beam attenuation coefficients, K d (k), measured from water samples using the model of Arst et al. (2002) . Monthly depth-integrated samples were collected in 2002-2007 from one sampling point in Võrtsjärv, stored in plastic bottles in the dark at 4°C without any treatment until analyses (for maximum 12 h).
We extended K d,PAR data series for the whole study period ) using the regression with monitored chlorophyll a concentration (Eq. 2):
The PP computing system based on the integral model (Arst et al., 2008) gives the values of PP int in mg C m -2 h -1 , and calculates the daily values by summing up the hourly values. However, our database contained mostly the daily sums of incident irradiance, which we could not use directly in our computing system. Dividing the daily sum of q PAR (inc) by the day length (DL) we found the average hourly q PAR (inc, av) for each day, which enabled us to calculate the corresponding average hourly PP int for each day. Multiplying this by DL gave us the daily sum of PP int .
We compared the two calculation options for daily PP int values during a special study in Võrtsjärv in 2009. From May to August, we recorded the incident global irradiance (Q) using Yanishevsky pyranometer (Kondratyev, 1965) placed on the roof of a building close to the coastal station in Võrtsjärv. We took q PAR (inc) equal to 0.436 * Q(inc). The q PAR (inc) readings taken each 2 min allowed to compute the hourly averages. There were 12 in situ measurements of C chl and K d,PAR within this period (more frequently than usually) that improved the reliability of the interpolated values. Using these data we calculated hourly PP profiles and PP int values. By summing up these values we calculated the daily values referred further as PP int (model). For long-term PP modelling, we could use only the average daily q PAR (inc) values from EMHI, and the corresponding PP int values are referred further as PP int (appr). We used the regression formulae relating these two series during this 4-month study to make corrections in all PP int values calculated on the basis of daily sums of incident irradiance.
Mean water column irradiance based on Secchi depth and water level As we suspected that part of the C chl changes in the long-term data might have occurred as an adaptive response of phytoplankton to a variable strength of light limitation due to changing water colour and/or depth (i.e. not directly related to PP dynamics as supposed by the model), we calculated another K d,PAR value from its regression with the Secchi depth (S)
and applied that in the Lambert-Beer's law
where I z is the fraction of incident light at the surface (I 0 ) reaching the depth Z. Taking I 0 equal to 100% and the mean depth of the lake for Z (a variable depending on the largely fluctuating water level), we calculated the average irradiance in the mixed water column (I mix ; %) according to Riley (1957) 
assuming that in Võrtsjärv the mixing depth increases simultaneously with the mean depth of the lake.
Results
Measured primary production
According to the 18-year measurements, the mean daily integrated PP was 558 mg C m -2 day -1 with monthly means changing from about 25 mg C m -2 day -1 in December and January to nearly 1300 mg C m -2 day -1 in June (Table 1 ). The scatter of single daily measurements in each month was rather large characterised by standard deviations (SD) making up from 49 to 184% of the monthly mean values. The daily PP was relatively most variable in November and March due to the onset and ending of the ice season. The maximum chlorophyll specific production rate at light saturation varied from 0.1 to 14.7 mg C mg C chl -1 h -1 being on average 2.06 ± 1.72 mg C mg C chl -1 h -1 . The mean daily PP from May to August formed on average 0.55% of the annual PP. We used this ratio to Hydrobiologia (2011) 667:205-222 209 calculate the annual PP for years with incomplete data coverage. For the years to which both methods were applied, the integrated values corresponded well to the calculated values ( Fig. 1 ). PP had a pronounced seasonality in Võrtsjärv, with two-third of the annual PP produced during one-third of the year from May to August. The monthly PP in June (39 g C m -2 month -1 ) exceeded the average monthly PP (17 g C m -2 month -1 ) by a factor more than two. The measured annual average pelagic PP in Võrtsjärv was 205 g C m -2 . In the long-term, the measured PP had no significant trend either over single months or in the annually integrated values.
Modelled primary production
Modelled versus measured primary production profiles
The vertical profiles of measured and modelled PP corresponded generally well with each other (Fig. 2) . Also the modelled integral PP (PP int , mg C m -2 h -1 ) values that were computed by integrating vertical PP profiles over depth, were in good concordance with the measured PP int values. For example, the profiles represented in Fig. 2 
Comparison of the two calculation options for daily PP int
The relationship between the two integral primary production estimates computed from hourly irradiances over the day (PP int (mod)) and the daily sums of irradiance (PP int (appr)) was strong with a determination coefficient R 2 higher than 0.94 (Fig. 3) . The regression formulae were slightly different for the two chlorophyll ranges, C chl \ 35 mg m -3 and C chl C 35 mg m -3 , for which different algorithms were used in the model (Arst et al., 2008) . We corrected all results of PP int according to these formulae.
Modelled versus measured primary production time series
We calculated PP int (mod) in total for 6011 ice-free days in the 28-year period from 1982 to 2009. The Fig. 3 Regression between the two integral primary production estimates for Võrtsjärv computed using hourly irradiances over the day (PP int (mod)) and daily sums of irradiance (PP int (appr)) for the days from May to August 2009 when C chl was measured. Due to different algorithms in the model for C chl \ 35 mg m -3 and for C chl [ 35 mg m -3 (Arst et al., 2008) , separate correction formulae were derived for these ranges Fig. 1 Annual phytoplankton primary production estimates calculated as the integral over the ice-free period (dots), and from the average daily PP values in May-August assuming its correspondence to 0.551% of the yearly PP (columns) median values of modelled and measured daily PP int values were quite close in different months but the variation of the modelled values was smaller than that of the measured values ( Fig. 4 ; Table 1 ).
The average annual pelagic PP int (mod) in 1982-2009 was 200 g C m -2 year -1 (Table 1) . Considering approximately 4% underestimation of annual PP int due to ignoring the under-ice production, the modelled average annual PP int in Võrtsjärv would be 208 (min. 144, max. 306) g C m -2 year -1 , which is very close to the average of the measured values (205 g C m -2 year -1 ). The yearly average volumetric PP (the ratio of the annual areal PP int (mod) to the mean depth of the lake) was 80 (min. 48, max. 148) g C m -3 year -1 (Table 2 ). For the 18 years when PP int was both measured and modelled, the results were significantly correlated (R 2 = 0.32, P = 0.015) (Fig. 5) , the modelled daily PP int , however, exhibited significant linear increasing trends in all ice-free months over the whole study period (Fig. 6 ) while no trend was detected in the measured PP values. A trial to detrend the modelled PP int values did not improve the relationship with measured values and was given up.
The increase in modelled PP int was caused by the strong significant trends in C chl , one of the important input parameters, occurring from May to December over the whole study period (Fig. 7) . The slope of the long-term chlorophyll trendline increased towards autumn and reached its maximum in SeptemberOctober indicating the season in which the biggest changes in C chl took place.
The mean light intensity within the water column (I mix ) calculated from Secchi depth and water level, showed a bell-shape change over the years ( Fig. 8A ) with average light conditions for phytoplankton improving over 1980s and deteriorating again since the first half of 1990s. The percentage of chlorophyll in the total phytoplankton biomass (Chl% B) had opposite dynamics with an increasing trend since the beginning of 1990s (Fig. 8B) .
Total carbon fixation in the lake
For the assessment of total PP of the lake and its long-term changes, we further used the modelled PP values. Multiplying the annual areal phytoplankton PP by the average lake area in each year, we got an estimate of 56 559 (min. 41 013, max. 77 064) tonnes of carbon fixed annually by phytoplankton primary production in Võrtsjärv. Considering the estimations that phytoplankton contributes 79% and macrophytes with their epiphyton 21% to the total PP in Võrtsjärv (Nõges et al., 2010b) , the total annual whole-lake carbon fixation of Võrtsjärv resulted in 71 268 (min. 51 679, max. 97 107) tonnes (Table 2) .
Discussion
In the global context, Võrtsjärv occupies by its annual primary production a medium position among the World lakes for which data on PP are available (Table 3 ; Fig. 9 ).
Annual areal PP of Võrtsjärv is very close to that of the other large and shallow lake close by, Lake Peipsi, but is also similar to the PP of much deeper large temperate lakes, such as Erie and Ontario. According to the data presented in Table 3 , the annual PP of 63 World's lakes was significantly negatively correlated with latitude (R 2 = 0.23, n = 63, P \ 0.001). The strong effect of latitude (Lat) on lake productivity was stressed also by Håkanson & Boulion (2002) and Boulion (2003) . They showed a strong and significant decrease in phytoplankton primary production with increasing Lat, a relationship that could be successfully used to predict PP of inland waters. They found that 60% of the variation of annual PP could be explained by Lat according to linear equation: PP = -130 * Lat ? 8453 and even 74% using the exponential equation: PP = 647461 * exp(-4.29 * TranLat) where Table 3 showed somewhat weaker relationship also with the transformed values (R 2 = 0.36, n = 63, P \ 0.001). Annual PP of Lake Võrtsjärv calculated according to the above described formulae of Håkan-son & Boulion (2002) and Boulion (2003) on the basis of Lat and TranLat gave the corresponding values of 880 and 480, which overestimate the real PP in the lake fourfold and twice, accordingly. Basing on this simple comparison, it is evident that besides global large-scale estimations, the direct measurements and local modelling are indispensable to calculate the carbon budget and to understand lake metabolism. Figure 9 shows, however, that Võrtsjärv is located rather close to the Corrected for the 21% of macrophyte and epiphyton production (Nõges et al., 2010b) nutrient-saturated production boundary determined by Lat, where light limitation has the leading role. Theoretically, its productivity could increase if the relative proportion of chlorophyll among optically active substances (Chl, yellow substance and suspended solids) would increase. On average, these three components account almost equally for light attenuation in Võrtsjärv (Nõges, 2000) . Our measured PP database covers only 18 years while several other data series from Võrtsjärv started already in 1960s and by now cover a nearly 50-year time period. In order to fill the gaps in measurements and, potentially, to extend the PP data to the whole period of existing biological and chemical data, we selected the modelling approach. The bio-optical model developed for Võrtsjärv, which calculates primary production as a function of chlorophyll and light was a good descriptor for both volumetric and integral PP (Arst et al., 2008) giving strong and highly significant (R 2 = 0.9, P \ 0.0001) correlations between synchronously measured and modelled PP. At daily and monthly scales, the modelled PP values, as based on real sums of irradiance, should be more accurate than the measured values which capture the light conditions of a couple of midday hours in single days only and introduce a large uncertainty to the daily estimates. The high daily and monthly variation of measured PP int values (Fig. 4) show that the calculation of monthly average PP int based on one or two measured daily values only, could give strongly erroneous estimates. There are two interrelated possible explanations for the long-term stability of the measured PP on the background of increasing C chl : (1) that the increase in C chl was an adaptive response of phytoplankton to a deterioration of light conditions and (2) that some other factor caused the succession of dominating species having different rates of chlorophyll specific photosynthesis. Adaptation of phytoplankton to deteriorating light levels may include photoacclimation of existing species or, if exposure to dim light is prolonged, also succession of species in the favour of more shade tolerant ones. A simple strategy to survive sub-optimal light conditions is to increase the cellular content of light-harvesting pigments in order to maintain productivity (Falkowski & Owens, 1980; Dubinsky & Stambler, 2009; Yacobi & Zohary, 2010) . Phytoplankton species differ largely by their ability to increase cellular chlorophyll content (Johnsen & Sakshaug 2007) . Experiments with Limnothrix redekei (Foy & Gibson, 1982) , the species that dominated in Võrtsjärv in the beginning of our study period, showed the species ability to more than triple its cellular chlorophyll content under low light doses. In Võrtsjärv the long-term increase in cellular chlorophyll content observed in autumn was much smaller but still significant and covered the period from 1988 onward during which the proportion of L. planctonica among dominants was continuously increasing.
In order to explain the increase of C chl by a deterioration of light conditions, the latter has to be shown. Besides the underwater light climate calculations based on Secchi depth (Fig. 8A) , also some other arguments suggest that light conditions have changed over the years: (1) although it seems a circular argument, the significant increase in C chl itself (Fig. 7) must have had an effect on light conditions and, hence, the increase in C chl could be caused by self-shading of phytoplankton; (2) a comparison of historical beam attenuation measurements from 1913 (Mühlen, 1918 with those from 2000 to 2001, Reinart & Nõges (2004) found that the absorption at 453 nm has significantly increased and therefore amount of dissolved organic matter in water may be higher nowadays than it was in the beginning of century. Given the general ''browning'' trends in many lakes over the northern hemisphere (Jennings et al., 2010) , an increase of humic matter content in Võrtsjärv over a longer period cannot be excluded. An increase in water colour coinciding with high water levels in [1978] [1979] has been suggested as the main cause for the earlier switching of phytoplankton dominants from Planktolyngbya limnetica (Lemm.) J. Komárková-Legnerová to Limnothrix redekei (Nõges et al., 2010a; Tuvikene et al., 2010) ; (3) chemical oxygen demand COD Mn , a common proxy for dissolved organic matter (DOM), was significantly lower in the period 1968-1977 compared with that in 1998-2008 and had a highly significant increasing trend within both periods (Tuvikene et al., 2010) . Potassium permanganate, a much milder oxidizer compared to the more often used potassium dichromate, is highly sensitive to variations in dissolved organic matter, including humic substances (Xia et al., 2005) . A correlations analysis between limnological variables in 102 Estonian lakes (Milius & Starast, 1999) found the strongest correlation among all analysed 14 variables between COD Mn and water colour (r = 0.97) that allows using COD Mn as a proxy for water colour. As a conclusion, an increase in C chl and a decrease in chlorophyll specific production rate in response to deteriorated light conditions is the most likely explanation to the different long-term trends in modelled and measured PP. Figure 7 shows that in the long-term, there was a breaking point in the trend of the C chl series in the beginning of 1990s and that the biggest increase in C chl has taken place in autumn. A comparison of these changes with the biomass dynamics of Limnothrix planctonica in Fig. 10 (Nõges et al., 2004, updated) show a striking correspondence suggesting strongly that the C chl change was caused by the emerging new dominant. Both Limnothrix species are considered true shade tolerants (Chomérat et al., 2007; Padisák et al., 2009 ) and occupy generally a similar niche in turbid polymictic lakes. Both species contain besides chlorophylls also phycocyanin, an additional photosynthetic pigment that has been shown as one of the main advantages in cyanobacteria in competition for light in turbid environments (Tilzer, 1987) . The only major autecological difference between the two species in Võrtsjärv was expressed in their different seasonality and this may be the key to the observed inconsistency between C chl and PP changes. The biomass of L. planctonica increases steadily during the vegetation period and, in the absence of major loss mechanisms, builds up a considerable standing stock by autumn. This standing stock is characterised by high C chl which simulates a higher PP(mod) for this period as seasonal or species specific differences in chlorophyll specific productivity are not included in PP model. It leads to some change of the specific absorption coefficients of the phytoplankton that was not taken into account in the model, which used the algorithm by Bricaud et al. (1995) . The late autumn biomass was characterised also by higher cellular chlorophyll content that explains the positive trend in C chl /B ratio over the period when the proportion of L. planktonica increased in the phytoplankton community, i.e. since the early 1990s. This smooth succession of dominants Fig. 9 Latitudinal trends in primary production (PP) redrawn from Lewis (1996) and combined with data on single lakes presented in Table 3 . Building up a higher biomass by extending the growth period towards autumn may be a clear advantage in light-limited conditions. The earlier dominant and present subdominant L. redekei reaches its biomass peak in June but in summer its gas vacuoles collapse and the cells autolyse. The regular collapse of gas vacuoles in L. redekei in summer is a very common phenomenon not only in Võrtsjärv but has been mentioned also for Edebergsee, where trichomes with no or only small gas vacuoles dominated at high light intensities (Meffert & Krambeck, 1977) . Such collapse has not been described in L. planctonica, which has much smaller gas vacuoles per se. A study of the filament length structure in the two Limnothrix species suggested the selective sedimentation of longer filaments of L. redekei with collapsed gas vacuoles as the main loss factor of this species in summer. A CCA analysis for 44-year data on species composition and environmental variables (Nõges et al., 2010a) showed that in Võrtsjärv L. redekei was favoured by increasing water level and L. planktonica by increasing temperatures in summer and autumn. Trend analysis for the period 1961 (Nõges, 2009 ) revealed a highly significant (P \ 0.01) upward trend for water temperature in August with a significant (P \ 0.05) stepwise increase in 1989. Hence, we suppose that the initial breakthrough of Limnothrix species in early 1980s was caused by the sudden deterioration of light conditions following a water level increase in 1978 /1979 (Nõges & Järvet, 1995 Nõges et al., 2010a; Tuvikene et al., 2010) while the consequent gradual increase of the proportion of L. planktonica could be more related to the late summer warming trend.
The relationship between the annual PP int values, based on measurements and modelling found in this paper (R 2 = 0.32) is much weaker compared with the R 2 = 0.9 reported in Arst et al. (2008) . However, in Arst et al. (2008) the results were obtained from 2-h measurement series of PP with full (without breaks) complex of initial data for model calculations, that is not so for long-term estimations. In general, there can be a number of errors included both in the modelling and the measured data.
Excluding other methodological errors potentially included in the 14 C technique for measuring PP (see overview by Marra, 2002) , the sources of error in summarising the measured data are included in the depth integration of the discrete vertical measurements, the extrapolation of the PP values around noon to the whole day (Richardson, 1991) , but the major source of errors is included in the interpolation of the highly variable but infrequently measured daily PP values. The latter is largely avoided by modelling in which we used the true monthly mean values of daily irradiances and only the values of C chl , a less variable parameter compared to PP, were interpolated between discrete measurements.
Conclusions
• Our aim was to summarise the long-term primary production measurements in Võrtsjärv in order to receive reliable daily, monthly and annual estimates of this parameter as the first step in the lake's carbon balance calculations. The results will provide further basis for long-term studies of the ecosystem metabolism and its climate sensitivity.
• According to the long-term annual PP (208 ± 27 g C m -2 y -1 ) Võrtsjärv is located rather close to the nutrient-saturated production boundary determined by latitude where light limitation has the leading role. This assignment is supported by the phytoplankton composition dominated by eutrophic highly shade tolerant cyanobacteria species from the genus Limnothrix.
• The semi-empirical primary production model based on continuous irradiance (PAR) measurements and interpolated values for chlorophyll concentration and light attenuation coefficient simulated sufficiently well the interannual changes in PP.
• Increasing trend in the long-term PP(mod) series (induced by increasing C chl ) was not supported by measured PP. This controversy can be explained by an adaptive increase in the cellular C chl content in phytoplankton in response to deteriorated light conditions, and the change of dominating species from Limnothrix redekei to L. planctonica. The latter is characterised by a seasonally later biomass peak in Võrtsjärv and lower chlorophyll specific productivity not taken into account in the model.
• We consider the developed PP model a useful tool for filling the gaps in the measured data and potentially extending the PP data series over periods for which other biological and chemical data are available. The model can be improved, however, by including seasonal and species specific correction factors to the chlorophyll specific productivity.
